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NiCrAlYAbstract In the present paper, duplex WC-Co/NiCrAlY coating is coated onto Ti6Al4V substrate
and vacuum heat treatment is employed to investigate the corrosion behavior of heat treated
samples as well as Ti6Al4V substrate for comparison. In this duplex coating system, High Velocity
Oxy Fuel (HVOF) process is used to deposit NiCrAlY interlayer with a constant thickness of
200 lm and WC-Co ceramic top layer with varying thickness of 250 lm, 350 lm and 450 lm
deposited by Detonation Spray (DS) process. Different heat treatment temperatures (600–
1150 C) were employed for the coated samples to study the microstructure and the effect on
corrosion resistance of the duplex coatings. Potentiodynamic polarization tests were carried to
investigate the corrosion performance of duplex coated heat treated samples and the substrate in
Ringer’s solution at 37 C and prepared the pH to 5.7. The microstructure upon corrosion after
heat treatment was characterized by SEM analysis to understand the corrosion behavior. The
results disclosed that at all heat treatment temperatures, all the coated samples exhibited better
corrosion resistance than the base substrate. However, during 950 C and 1150 C heat treatment
temperatures, it was observed highest corrosion potential than 600 C and 800 C. The 350 lm
thickness, coated sample exhibited highest corrosion resistance compared to other two coated
samples and the substrate at all heat treatment temperatures.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Ceramic materials are widely used in the application of coat-
ings, particularly in the ﬁelds of engineering and biomedicine.
They facilitate to improve wear and corrosion resistance of the
mechanical components without affecting the internal proper-
ties such as tensile strength and elastic modulus, etc. By this
way, the coating-substrate integration reaches a superior yield
and a greater ﬂexibility in their applications (Mateos et al.,
2000). Tungsten carbide (WC) belongs to the family of
advanced ceramic materials with great industrial signiﬁcance.
Table 2 Chemical composition of WC-Co
powder.
Constituent %
WC 88
Co 12
Effect of heat treatment on corrosion behavior of duplex coatings 85Tungsten carbide coatings have numerous functional proper-
ties i.e. high hardness (Vamsi Krishna et al., 2002), low friction
in combination with high wear resistance (Wa¨nnstrand et al.,
1999) and corrosion resistance (Magnani et al., 2008), excellent
adhesion, high elasticity, chemical inertness, high melting
point, good thermal shock resistance, and good resistance
against oxidation which make them an attractive aspirant for
many engineering applications (Roth et al., 1995). The perfect
bonding between the ceramic coating and the substrate is
necessary to improve tribological and electrochemical behavior
of the coating system. However, NiCrAlY bond coats are
often used to reduce the effect of thermal mismatch between
the coating and substrate due to difference in coefﬁcient of
thermal expansion (Gu et al., 2012).
The problem with the HVOF and DS is that these processes
result a considerable porosity in the as-sprayed coatings, which
reduces the wear and corrosion resistance compared to laser
technique (Zhang et al., 2010). Due to the above reasons,
post-heat treatment needs to be employed for thermal-sprayed
coatings to improve their mechanical, metallurgical and
electrochemical properties for most practical uses. For this
purpose, a heat treatment may be necessary to reduce the
porosity and improve the mechanical properties of coatings.
Among the available heat treatment processes, vacuum heat
treatment is usually employed (Raghu Ram Mohan Reddy
et al., 2013a; Lim et al., 1996; Guo et al., 1995). The corrosion
behavior of duplex coatings on Ti6Al4V was studied in the
previous article (Raghu Ram Mohan Reddy et al., 2016). In
the present study heat treatment is employed on WC-Co/
NiCrAlY duplex coatings deposited on Ti6Al4V substrate,
with varying thickness to study the corrosion behavior.
2. Experimentation
Thermal spray duplex coatings were deposited on Ti6Al4V
substrate. NiCrAlY and WC-Co were used as coating materi-
als with the particle size ranges 25–40 lm whose chemical
compositions are presented in Table 1 and 2, respectively. In
the present investigation, HVOF process is employed for
NiCrAlY intermediate coat of 200 lm thickness for all the
specimens and WC-Co top layer with three different thick-
nesses of 250 lm, 350 lm and 450 lm deposited by DS pro-
cess. The substrate surfaces were grit blasted with alumina
grits, followed by an ultrasonic cleaning in acetone to attain
enough surface roughness for the best adhesion between coat-
ing and substrate prior to deposition process. The standard
spraying process parameters are followed for HVOF and
DS, which are mentioned in previous article (Raghu Ram
Mohan Reddy et al., 2013b). Heat treatments were employed
to duplex coated samples using mufﬂe furnace in Ar gas envi-
ronment (Raghu Ram Mohan Reddy et al., 2013a). In subse-
quent paragraphs the heat treatment was designated as HTTable 1 Chemical composition of NiCrAlY
powder.
Constituent %
Cr 22
Al 10
Y 1
Ni Bal.600, HT 800, HT 950 and HT 1150 for heat treatment temper-
atures of 600 C, 800 C, 950 C and 1150 C, respectively.
JSM-6610LV Scanning electron microscope (SEM) equipped
with energy dispersive X-ray analyser (EDX) is used to study
the microstructural behavior of the samples. X-ray diffraction
analysis of the powders and coatings was performed using an
Ultima IV X-ray diffractometer with Cu Ka radiation and
Ni ﬁlter. Residual stress measurements were made using
PANalytical X-Pert Pro MRD system for untreated and heat
treated samples. The residual stresses were measured along
the cross section of the specimens. The adhesion tests were per-
formed to those as sprayed and heat treated specimens using a
tensile test machine (Instron materials tester -Model 1121)
under increasing load with a stretching rate of 2 mm/min until
the shearing failure occurred. The failure mode is recorded
gradually, and the bonding strength is calculated as the load
at failure divided by the coated bonded area.
The corrosion behavior of heat treated duplex coatings, as
sprayed duplex coatings and uncoated samples was investi-
gated by potentiodynamic polarization technique. The
corrosion tests were performed by using a GILL AC electro-
chemical apparatus (ACM instruments, United Kingdom).
Ringer’s solution (NaCl = 8.60 g/L, CaCl2Æ2H2O = 0.33 g/L
and KCl = 0.30 g/L) prepared with the pH value 5.7 at room
temperature is used to analyse the electrochemical behavior of
the materials. The potentiodynamic polarization curves were
obtained by an Ag/AgCl reference electrode and a platinum
(Pt) counter electrode. The exposed area of the working elec-
trodes was about (0.785) cm2. The specimens were engrossed
into the solution until obtaining a steady open circuit potential
(OCP). After equilibration, polarization started at a rate of
1 mV/s. The cycle began at the cathodic current density over
potential according to OCP, and the scan was stopped when
the specimens reached the anodic current density of approxi-
mately 1 mA/cm2. After polarization, the examinations of
the corroded surfaces were carried out by using a JSM-6610LV
model SEM.
3. Results and discussion
3.1. Microstructure characterization
The porosity and the size of pores after vacuum heat treatment
are reduced greatly by providing a more homogeneous and
compact microstructure as shown in Fig. 1. It should be noted
that holes of small size appeared rarely, probably due to the
formation of gas pockets. The microstructure examination of
the coatings shows that the heat treated samples not only have
a carbide structure, but also have a better distribution of the
carbides. Also the formation of intermetallic compounds with
dentate structure observed at the bond coat/substrate interface
during heat treatment shown in Fig. 2.
Figure 1 SEM cross sectional images for WC-Co top layer showing pores for (a) as-sprayed (b) HT 600 (c) HT 800 (d) HT 950.
Figure 2 SEM cross sectional images for (a) HT 950 (b) HT 1150.
86 K. Raghu Ram Mohan Reddy et al.3.2. The effect of heat treatment on porosity
The porosity of the NiCrAlY intermediate layer is about 1% in
duplex coatings. The low amount of porosity is because of the
small size of NiCrAlY powder, which is about 25–45 lm as
well as the nature of HVOF process. The porosity also depends
on the powder constituents; process parameters and spray
technique in addition to the size of the powder particles. High
particle velocity causes high kinetic energy, leads to huge plas-
tic deformation of small particles during their impact with the
substrate which in turn, reduce the gaps between the deformed
particles. Furthermore, because of the high velocity of pow-
ders, there is no sufﬁcient time for trapping any gas inside
the coating. The lower amount of the oxide inclusions in the
coating is probably due to the paucity of particle ﬂying time
and hence, the reduction of the powder reaction with oxygen.
The porosity of as-sprayed WC-Co top layer is about 6.51%.
The high amount of porosity in the WC-Co layer is due
to the fact that during coating process particles may notcompletely melt and hence results in less plastic deformation
upon impact with the substrate surface. The size of the pores
is also reduced after heat treatment compared to as-sprayed
condition, shown in Fig. 1. After vacuum heat treatment the
porosities in the top layer are reduced signiﬁcantly, which is
about 2%. The variation of porosity for varying top layer
thickness during heat treatment is listed in Table 3.
3.3. The effect of heat treatment on residual stresses of coatings
Residual stresses are generated because of non-homogeneity of
heat ﬂow, phase transformations and localized inhomogeneous
plastic deformation during as-sprayed condition. The largest
stresses exist at the top coat/bond coat interface and bond
coat/substrate interface. As-sprayed coatings exhibited tensile
residual stresses with an average value of 190 MPa. Heat treat-
ment at 600 C produces no phase transformations in the top
coating as well as bond coating, and will produce no phase
change in Ti6Al4V substrate. However, the residual tensile
Table 3 The variation of porosity for varying top layer thickness during heat treatment.
Coating thickness in lM Porosity (%)
As-sprayed HT 600 HT 800 HT 950 HT 1150
250 6.51 6.45 3.45 2.42 2.41
350 6.23 6.19 3.14 2.13 2.11
450 6.11 4.92 2.05 1.91 1.89
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Figure 3 Variation of residual stresses with heat treatment.
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Figure 4 Variation of bond strength with heat treatment.
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than in the as-sprayed condition (48 MPa « 190 MPa). There-
fore, it is proposed that at 600 C heat treatment temperature,
plastic ﬂow occurs in the coatings or substrate (caused by the
high levels of tensile stress in the coating) and on cooling, the
stresses induced by the thermal mismatch reduce the overall
residual stresses in the coating. At the higher temperatures
(say 800 C, 950 C and 1150 C) similar phenomena of plas-
ticity are responsible for the changes in residual stresses in
the coatings along with transformations in both the duplex
coatings and Ti6Al4V substrate. The residual stresses in the
coatings following heat treatment at 800 C are compressive
in nature; this can be attributed to a complete transformation
of amorphous phase to crystalline phase of the top layer. Dur-
ing 950 C and 1150 C conditions the stresses were compres-
sive, this can be due to the metallurgical bonding effect on
the adhesion of the coating to the substrate that generally
results from the inter-diffusion at the interface between the
coating and substrate constitutions. The variation of residual
stresses is shown in Fig. 3 for varying coating thickness.
3.4. The effect of heat treatment on bond strength of coatings
The bond strengths of as-sprayed samples and for heat treated
samples are shown in Fig. 4. The bond strength of as-sprayed
samples decreased with increasing coating thickness, this could
be attributed to increasing residual tensile stresses during
deposition of coatings. However, the employment of heat
treatment improved the bond strength, this can be due to
reduction in tensile residual stress state during 600 C heattreatment temperature. Further, the bond strengths improved
progressively during 800 C, 950 C and 1150 C heat treat-
ment temperatures because the tensile stresses turned to com-
pressive nature, also the interdiffusion between the coating
and substrate interface took place during highest heat treat-
ment temperatures.
3.5. Corrosion characterization
Heat treatment not only inﬂuences the present phase in the
coating but also affects the residual stresses in the coating
and its integrity. The source of micro crack in the heat treated
coating may be due to two factors, the ﬁrst factor is the mis-
match between the thermal expansion coefﬁcients of the coat-
ings and substrate, the second factor is the formation of the
carbide phase during vacuum heat treatment. The replica
for the mechanism of corrosion explaining the formation of
corrosion grooves or pores can be discussed in the following
two stages. The ﬁrst stage in the corrosion process corre-
sponds to penetration of electrolyte ions through the substrate
via irregularities or defects in the coating, the extent of pene-
tration depending on the number of such defects. Thus, the
better corrosion resistance is that of heat treated coating,
since it has the lowest number of defects in the coating, as
shown by its much squashed surface. The second stage corre-
sponds to the corrosion processes taking place after electro-
lyte penetration. The substrate begins to corrode by pitting,
forming mainly iron oxides/hydroxides, which accumulate at
the interface between the coating and the substrate. Conse-
quently, the corrosion products drive the coating away from
Figure 5 SEM micrograph for HT 950 after polarization test.
88 K. Raghu Ram Mohan Reddy et al.the substrate, leaving a lump over the corrosion pit. The accu-
mulation of corrosion products constitutes a barrier to elec-
trolyte penetration and retards further corrosion. Finally,
the corrosion mechanism of the coated samples after heat
treatment is controlled partly by the eta carbides (Co6W6C
and Co3W3C) and intermetallic compounds [Ni3(Al, Ti)] near
substrate interface. The SEM microstructure after polariza-
tion test for HT 950 condition shown in Fig. 5 reduces exten-
sive spalling of the coating. As the size of the pores reduced
during heat treatment led to the micro pores which can also
be seen in the SEM, in turn reduces penetration of electrolyte
ions towards the substrate through such less number of pores
in the coating.
3.6. Potentiodynamic polarization curves
The corrosion potential of 350 lm thick coated, 250 lm thick
coated samples and Ti6Al4V substrate remains unchanged
during HT 600 because there is no signiﬁcant phase change
and porosity levels, but 450 lm thick coated samples occupied
positive potential, this can be attributed to considerable reduc-
tion in the porosity (19.5%) compared to as-sprayed condition
shown in Fig. 1(b). The Ecorr value is shifted to 355 mV from
530 mV, which is a 33% increase in corrosion potential as
shown in Fig. 7.Figure 6 XRD pattern of heat treated WC-Co coatinThe porosity has reduced signiﬁcantly after HT 800, HT
950 and HT 1150 compared to HT 600 which is shown in
Table 3. Hence, the corrosion potential shifts greatly positive.
During HT 800, a partial phase change occurred and caused
substantial improvement in corrosion potential for all coated
samples compared to as-sprayed and HT 600 condition, but
the corrosion potential for Ti6Al4V substrate remains
unchanged. This can be attributed to a small amount of eta
carbides (Co6W6C) generated after HT 800, which is evident
from the XRD shown in Fig. 6(b) and little reduction in poros-
ity. Also, the change of residual stresses into compressive nat-
ure as shown in Fig. 3 and improved bond strengths probably
caused to enhance the coating quality as well as corrosion
potential. The Ecorr values of HT 800 conditions are
140 mV, 210 mV and 255 mV, respectively for 350 lm,
450 lm and 25 lm thick coated samples.
During HT 950, a complete phase change occurred and
caused substantial improvement in corrosion potential for all
coated samples compared to as-sprayed and HT 600 and HT
800 condition. This can be attributed to bulk amount of eta
carbides (Co6W6C) generated after this HT950, which is evi-
dent from the XRD shown in Fig. 6(c) and further reduction
in porosity. Also, the development of high compressive resid-
ual stresses as shown in Fig. 6(d) and improved bond strengths
led to boost the coating quality as well as corrosion potential.
The Ecorr values of HT 950 condition are 125 mV, 190 mV
and 230 mV, respectively for 350 lm, 450 lm and 25 lm
thick coated samples. Compared to HT 800, there is a 10–
11% increase in corrosion potential. During HT 950, the Ecorr
value of Ti6Al4V substrate is shifted to 440 mV from
475 mV, (about 7%) which can be probably due to b phase
transformation.
After the high heat treatment temperature HT 1150, the
corrosion potential does not change for all coated samples, this
can be probably due to same phase change, porosity levels and
bond strengths. But, still there is a little improvement in corro-
sion potential for Ti6Al4V substrate and shifted to 420 mV
from 440 mV (4.5%) which can be probably due to consider-
able b phase transformation compared to HT 950. It is evident
from the SEM micrographs that Ni3(Al, Ti) and Ti2Ni inter-
metallic compounds generated during high heat treatmentgs. (a) HT600 (b) HT 800 (c) HT 950 (d) HT 1150.
Figure 7 Potentiodynamic Polarization curves for (a) HT 600 (b) HT 800 (c) HT950 (d) HT 1150.
Effect of heat treatment on corrosion behavior of duplex coatings 89temperatures such as HT 950 and HT 1150 conditions and
combination of titanium and nickel will be highly corrosion
resistant shown in Fig. 2. Hence, a little positive shift in the
Ecorr value.
4. Conclusions
Thicker coatings allow the pass of the electrolyte due to the
stresses generated during coating deposition and the corre-
sponding crack formation between different layers. Thinner
coating let the electrolyte permit through the coating because
it is not thick enough to correctly protect the substrate.
 For all heat treatment conditions, the 350 lm thick coated
sample occupied the highest corrosion resistance, 450 lm
thick coated samples were placed in the next position.
 During HT 600, the porosity drastically improved for
450 lm thick coated samples, in turn there is a 33% increase
in corrosion potential compared to as-sprayed condition.
 The Ecorr values of HT 800 are 140 mV, 210 mV and
255 mV, respectively for 350 lm, 450 lm and 25 lm thick
coated samples.
 The Ecorr values of HT 950 are 125 mV, 190 mV and
230 mV, respectively for 350 lm, 450 lm and 25 lm thick
coated samples. There is a 10–11% increase in corrosion
potential compared to HT 800 condition.
 During HT 1150, the corrosion potential does not change
for all coated samples; this could be probably due to same
phase change, only a small change in porosity levels and
bond strengths.References
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